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The quasicrystallization at the initial stage under viscous flow at 673 K~20 K above the glass
transition temperature! was investigated in a Zr65Al7.5Ni10Cu12.5Pd5 bulk glassy alloy. The
compressive deformation at strain rates of 231023 s21 and 131022 s21 was subjected to the bulk
glassy alloy for 60 s followed by the preannealing for 120 s for thermal equilibration in an Ar
atmosphere. The glass undergoes Newtonian and non-Newtonian flow at the strain rates of 2
31023 s21 and 131022 s21, respectively. The linear viscous flow brings a significant decrease in
the first exothermic peak in the differential scanning calorimetry~DSC! curve corresponding to the
transformation from glassy to icosahedral phase, but is identical to that in the reference sample
annealed for 180 s at 673 K without deformation. However, the number of icosahedral particles in
the transmission electron microscopy image as well as the decrease of the first exothermic peak in
the DSC curve in the nonlinear viscous flow is much less as compared with those in the linearly
deformed and reference samples. These results indicate the suppression of the transformation from
the glassy to icosahedral phase by the nonlinear viscous flow. The suppression of the transformation
is suggested to be originated from the retardation of the growth by the stress-induced disordered
atomic configuration in the glassy state during the nonlinear viscous flow. ©2002 American













































maThe change in the transformation behavior by plastic
formation has been investigated in several glassy alloys1–5
Especially, the enhancement of crystallization has been
ported by bending or tensile deformation, where the de
mation is localized in the glassy phase.6,7 It is pointed out the
possibility that the crystallization proceeds either by t
deformation-induced temperature increase in the locali
deformation or by the change in chemical short-range or
of the glassy state around shear bands consisting of the
permanent strain.8–10 However, little is known about the ef
fect of the homogeneous and/or inhomogeneous viscous
on the transformation behavior. Very recently, Nieht al.
have reported that nonlinear viscous flow during the ten
deformation induces a nanocrystallization in Zr–Al–T
Cu–Ni glassy alloy.7 Meanwhile, we have recently reporte
that the nonlinear viscous flow during compressive deform
tion creates a disorder in the glassy state by detailed m
surements of structural relaxation in the Zr–Al–Ni–C
glassy alloy.11 The results imply that the disorder ma
change the transformation behavior especially at the in
stage. In this letter, we investigate the effect of linear a
nonlinear viscous flow on the transformation at the init
stage in the Zr–Al–Ni–Cu–Pd glassy alloy, in which th
single nanoicosahedral quasicrystalline phase precipitate
a primary phase.12 We observe a significant suppression
a!Author to whom correspondence should be addressed; electronic
jsaida@sendai.jst.go.jp4700003-6951/2002/80(25)/4708/3/$19.00















the nanoquasicrystal precipitation when the glassy alloy
subjected to the non-Newtonian viscous flow at a condit
where a structural disorder is created, while we find lit
effect on the crystallization behavior of the glassy sam
subjected to Newtonian flow. It is therefore suggested t
the stress-induced structural disorder during the n
Newtonian flow disturbs the icosahedral short-range or
existing in the glassy alloy and retards the nucleation of
icosahedral quasicrystalline phase.
A bulk Zr65Al7.5Ni10Cu12.5Pd5 glassy alloy of 2 mm in
diameter was produced by copper mold casting from an a
ingot prepared by arc melting high purity metals in a purifi
argon atmosphere. The glassy structure of the cast sam
was confirmed by x-ray diffraction and differential scanni
calorimetry ~DSC!. For a compressive test, a cylindric
sample was cut in the 5 mm long and the surface was
ished parallel. The compressive deformation was subjecte
the strain rates of 231023 s21 and 131022 s21 using an
Instron-type testing machine. The deformation was carr
out at 673 K in an Ar atmosphere. The testing temperat
was approximately 20 K higher than the glass transition te
perature. The test sample was heated at 0.25 K s21, and
maintained for 120 s at the testing temperature for ther
equilibration prior to the test. The reference sample w
static heated under the same annealing condition as tha
the deformed samples. The deformed and reference sam
were sliced in approximately 300-mm-thick for the DSC
measurement at a heating rate of 0.67 K s21. It is also pol-
il:8 © 2002 American Institute of Physics







































































4709Appl. Phys. Lett., Vol. 80, No. 25, 24 June 2002 Saida et al.ished in a few microns thick and ion milled for field
emission transmission electron microscopic~TEM! observa-
tion with an accelerating voltage of 300 kV~JEOL JEM-
3000F!. The structure of the precipitates was analyzed
nanobeam electron diffraction with a beam diameter of
nm. The central part of each sample was used for the ea
evaluations. The temperature of the samples was monit
by thermocouples during testing and the difference of
temperature among them was within61 K.
It has been reported that Zr65Al7.5Ni10Cu12.5Pd5 glassy
alloy has a two-stage exothermic reaction above the g
transition.12 The onset temperatures of glass transition,Tg
and the first exothermic peak,Tx are 654 and 725 K, respec
tively, where the temperatures are measured by DSC
heating rate of 0.67 K s21. The temperature gap between t
two exothermic peaks is approximately 46 K. The first ex
thermic reaction corresponds to the precipitation of nan
cale icosahedral phase from the glassy phase. The nanoi
hedral phase decomposes to the crystalline phases thr
the second exothermic reaction. In order to determine
deformation time, isothermal DSC measurement was
formed at 673 K as shown in Fig. 1. The single exotherm
peak corresponding to the precipitation of icosahedral ph
is observed. No second exothermic reaction is seen in
time range. The incubation time for the icosahedral ph
precipitation,t is 148 s. For the evaluation of the effect
viscous flow on the transformation from the glassy state
the initial stage, the deformation was given for 60 s after
120 s preannealing. In this condition, the sample is hea
for 180 s totally at 673 K, which corresponds to the init
stage of the transformation. Figure 2 shows the stress-s
curves at the strain rates of 231023 s21 and 131022 s21 at
673 K. The stress overshoot is clearly observed at the st
FIG. 1. DSC curve of the isothermal annealing at 673 K in t
Zr65Al7.5Ni10Cu12.5Pd5 bulk glassy alloy.
FIG. 2. Compressive stress-strain curves of the Zr65Al7.5Ni10Cu12.5Pd5 bulk
glassy alloy obtained at strain rates of 231023 s21 and 131022 s21 for 60
s followed by preannealing for 120 s at 673 K.























rate of 131022 s21, indicating the nonlinear viscou
flow.13–18 In contrast, the deformation at the strain rate of
31023 s21 shows the linear viscous flow without stre
overshoot. The true strain in the deformation at the strain
of 231023 s21 after 60 s is approximately 0.15, where th
deformation for nearly Newtonian flow is in the stead
state.15 We have proposed the normalized viscosity, which
defined ash f /hN , ~h f andhN are the steady-state viscosi
during the nonlinear deformation and viscosity of the line
deformation, respectively! for the evaluation of
nonlinearity.11 In the present result,h f /hN is calculated to be
pproximately 0.38, indicating that the nonlinear deform
tion at the strain rate of 131022 s21 is a medium degree o
non-Newtonian viscous flow.
The difference in the transformation behavior with tw
kinds of viscous flow was investigated by the DSC measu
ments. Figure 3 shows the DSC curves of the compres
samples at strain rates of 231023 s21 and 131022 s21.
The data of the as-cast glass and the reference sample
nealed for 180 s at 673 K are denoted for comparison. I
clearly seen that the first exothermic peak of the deform
and reference samples are nearly identical, but are sig
cantly different from that of the as-cast glass. The onset te
perature,Tx and peak temperature of the first exotherm
reaction decrease by approximately 20 K and the peak he
also decreases by annealing. These results indicate tha
glassy alloy partially transforms into the icosahedral phas
the deformed and reference samples. It is, however, no
that the peak height of the first exothermic reaction in
nonlinear deformed sample is significantly high as compa
with that of the linear deformed and reference samples.
enthalpies of the first exothermic reaction in the nonline
linear deformed and reference samples are 25.0, 20.2,
19.7 J/g, respectively. Considering the similarity of the fi
exothermic reaction in the reference and the linear deform
samples, the transformation behavior from the glassy
nanoicosahedral phase does not change with linear vis
flow. However, the transformation is suppressed by nonlin
deformation as indicated by the larger enthalpy of the fi
exothermic reaction. In order to evaluate the suppressio
quasicrystallization by nonlinear viscous flow, the TEM o
servation was performed. Figure 4 shows the bright-field
ages of the samples with the linear~a! and nonlinear~b!
viscous flows for 60 s followed by preannealing for 120 s
673 K. The image of the reference sample annealed for
FIG. 3. DSC curves of the Zr65Al7.5Ni10Cu12.5Pd5 bulk glassy alloy de-
formed at strain rates of 231023 s21 and 131022 s21 for 60 s followed by
preannealing for 120 s at 673 K. The results of the as-cast glass and


































































4710 Appl. Phys. Lett., Vol. 80, No. 25, 24 June 2002 Saida et al.s at 673 K is also shown in Fig. 4~c!. Fine particles with a
diameter less than 50 nm are observed in the glassy matr
all the samples. The structure of the precipitated particles
be identified as an icosahedral phase from the fivefold na
beam electron diffraction pattern taken from the particles
Fig. 4~d!. There is no difference in the precipitation behav
between the deformed sample by the linear viscous flow
the reference samples. Meanwhile, it is significant that
precipitation of nanoicosahedral particles in the nonlinear
formed sample is much reduced as compared with that in
linearly deformed and reference samples. These results
consistent with those of the DSC measurements. There
we can conclude that the nonlinear viscous flow suppre
the nanoquasicrystallization in the Zr–Al–Ni–Cu–Pd glas
alloy.
Recent report about the enhancement of nanocrystal
tion during the nonlinear tensile deformation of the Zr–A
Ti–Cu–Ni glassy alloy7 is inconsistent with the present re
sults. The seemingly contradictive results may be due to
fact that the nanocrystals are identified as the Zr2Ni and
Zr2Cu phases, which are the stable phases of the alloy.
19 In
contrast, the nanoicosahedral quasicrystalline phase in
present study is metastable and it transforms to the Zr2Cu
and Zr6NiAl 2 phases by further annealing.
20 Very recently, it
has been clarified that the metastable nanoicosahedral q
crystalline is not formed in the mechanically alloyed powd
in the Zr-based glassy alloys.21,22The result clearly indicates
that formation of the metastable nanoicosahedral phas
very sensitive with the mechanically induced disorder. T
authors have reported that the icosahedral atomic config
tions exist in the glassy state in the Zr-based glassy allo
which is the main factor for the formation of icosahed
phase as a primary phase.23,24 Therefore, it is suggested tha
icosahedral atomic configurations are destroyed by the
chanically induced disorder. It is also reported that the n
linear viscous flow creates the disorder in the glassy stat
the detailed analysis in the structural relaxation and ap
FIG. 4. Bright-field images of the Zr65Al7.5Ni10Cu12.5Pd5 bulk glassy alloy
deformed at strain rates of 231023 s21 ~a! and 131022 s21 ~b! for 60 s
followed by preannealing for 120 s at 673 K. The image of the sam
annealed for 180 s at 673 K is shown for comparison in~c!. Nanobeam
diffraction pattern with a beam diameter of 2.4 nm taken from the prec



























ciable disorder is not induced by the linear deformation11
We estimate the mean sizes of the precipitated particle
the nonlinear, linear deformed and reference samples are
proximately 26, 39, and 39 nm, respectively. In the pres
results, although it is difficult to identify the difference o
nucleation behavior among these samples by TEM or D
we can not rule out the possibility of suppression of nuc
ation considering the significant decrease of the numbe
icosahedral particles in the nonlinear deformed sample.
would suggest that the suppression is attributed to the di
der in the glassy state during nonlinear deformation. It
concluded that the nonlinear viscous flow is significantly
fective for the retardation of grain growth of the nanoicos
hedral phase.
The suppression of the nanoquasicrystallization by
nonlinear viscous flow was confirmed in th
Zr65Al7.5Ni10Cu12.5Pd5 bulk glassy alloy. The nanoicosahe
dral phase is formed by the icosahedral short-range orde
the glassy state. The icosahedral short-range order beco
unstable by the mechanically induced disorder. It is s
gested that the disorder induced by the nonlinear visc
flow retards the grain growth of the icosahedral phase,
cause of the destruction of icosahedral short-range orde
the glassy state. Since the disorder does not create durin
deformation, the suppression of the nanoquasicrystalliza
is not observed in the linear viscous flow.
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